
5

2.1

(MMF)

(Space Vector)

(Synchronous Motor, SM) [23]

2.2  [3,24,25]

2.1 (
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2.2

N
S
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2.2

(1) (Linear Induction Motor, LIM) 

(2) (Linear Pulse Motor, LPM) 

(3) (Linear Direct Current Motor, LDM) 

(4) (Linear Synchronous Motor, LSM) 

2.1[24,25]

(1)

(2) ( )

(3)

(4)

2.2[25]



8

2.1 [24,25] 

(LIM)

1.
2.
3.
4.

1.
2.
3.

1.

2.
3.

(LPM)

1.
2.

3.

1.
2.
3.

1.

2.

(LDM)

1.
2.
3.

1.
2.

1.

2.

(LSM)
1.
2. LIM

1.
2.

1.

2.

(Linear Brushless DC Motor, LBDCM)

(Linear Permanent Magnet Synchronous Motor, LPMSM

HIWIN LMCB6

2.3

2.3
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2.2 [25]

(air gap)

ue ve we

2.3 HIWIN LMCB6
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2.3 HIWIN LMCB6

108Nt

2A

236Nt

2A

 3  (Y )

 6.7

4.4mH

16mm 

29.3Vrms/(m/s) 

2.3

[23,24]

0t 2.4(a) (

)

U U+ U-

U V W

2.4(b)

2.4(c) 2.4(c) W+ U- V+

N

F lI B ( l
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I B )

2.4(c)

W- U+ V- S

N

2.5

( )

(pole pitch) ( 0 ~ 360 )

2.5(a) 0 ~ 360t

N S S N

0 ~ 360 2.5(b)~(f)

2.4

2.6
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N S N S
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SS N
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(f) 360t
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2.6

(MMF) (Space Vector)

2
3

2
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 (2.1) 
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N
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3 3

2 2
3 3

cos cos             

cos cos

cos cos
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 (2.2) 

0 2 " "p

[23]

2
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3 3
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3 3

2 cos cos 13

cos cos

cos cos

mPF NI t

t a
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 (2.3) 

2
3ja e
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2
cos sin2
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IF e
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 (2.4) 
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2
3

2
3

  cos              

cos

cos

as m

mbs

cs m

i t I t

i t I t

i t I t

 (2.5) 

2
cos sin2

j tm
n

m

IF N e
IN t j t

 (2.6) 

" "n

x

x  (2.7) 

v (2.8)

v  (2.8) 

(2.7) (2.8) (2.4)

2
cos sin2

j vt xm
pl

m

IF e

I vt x j vt x
 (2.9) 

" "l
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(2.7) (2.8) (2.6)

2
cos sin2

j vt xm
nl

m

IF e

I vt x j vt x
 (2.10) 

(2.4) (2.6) (2.9) (2.10)

Boland C++

2.7

2.7
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2.4 [3,23] 

(Salient-pole Synchronous Motor)

(Surface-mounted Permanent Magnet Synchronous Motor, SMPMSM)

(2.7)

1.

2. (Air Gap) (MMF)

3. (Salient Pole)

4. (Damper Winding) 

5. (Slot Effect) 

6. (No Magnetic Saturation)

7. (Core Loss) 

2.8 a

(a-axis) (d-axis)

Y 2.8 2.9
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as s as as

sbs bs bs

cs s cs cs

dV R i dt
dV R i dt
dV R i dt

 (2.11) 

ksV ksi ks , ,k a b c k

sR

`

a-axis

d-axisq-axis

b-axis

c-axis

a

c

a'

b

b'c'

if

2.8

as

bs

cs

aa a ac cab b af f

a cba bb b bc bf f

ca a cc ccb b cf f

i i i i
i i i i
i i i i

L L L L
L L L L
L L L L

 (2.12) 
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kkL kjL , ,k a b c , , ,j a b c f

fi

f f f f

a cf fa fb b fc ff f

dV R i dt
i i i iL L L L

 (2.13) 

fV f fR ffL

fk kfL L , ,k a b c

Vas

Vbs

Vcs

Rs

Rs Rs

Laa

LccLbb

Lff

Rf

Vf

if

Lab Lca

Lbc

Laf

Lcf

Lbf

ias

ibs
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2.9

1. ( ffL )

ffL
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ff ffLL (2.14)

2. ( , ,af bf cfL L L )

a fi a a
a

af
fi

L

2.10 a 0

a afL 90 0a

cosaf afLL (2.15)

a-axis
d-axis

a
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`

  0
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 90

fi
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2.10 fi a

3. ( , ,aa ccbbL L L )

a ai a a s aF N i

sN 2.11 aF
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cos
cos( 90 ) sin
ada

qa a a

F F
F F F

(2.16)

(Flux) (Permeance)P

MMF P (2.17)

a a

cos
sin

ada da d d

qa qa q a q

F F
F F

P P
P P

(2.18)

qdP P

2.11 dP qP

(2.16) aF

a

2 2

cos cos( 90 )
    cos sin
    cos sin

1 cos2 1 cos2
2 2

    cos22 2

a qada

qada

a a qd

a qd

q qd d
s a

F F

F

N i

P P

P P

P P P P

(2.19)

a a
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2 cos22 2
q qd d

a s a s aN N i P P P P
 (2.20) 

aaL

2

1 2

cos22 2

     cos2

q qa d d
aa s

a
Ni

L L

P P P PL
(2.21)

2
1 2

qd
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P P
2

2 2
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sL N
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1 2
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cos(2 120 )
cos(2 120 )
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L L
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L
L
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4. ( , , , , ,ac caab ba bc cbL L L L L L )

a b ai b ba

cos( 120 ) cos( 90 120 )
    cos( 120 ) sin( 120 )

( ) ( )     = cos(2 120 )4 2

ba dba qba

dba qba

q qd d
s aN i P P P P

(2.23)

sa sc ssbN N N N

2 ( ) ( ) cos(2 120 )4 2

sb sb ba ba

q qd d
s a

N N

N i P P P P

 (2.24) 

abL

2

1 2

( ) ( ) cos(2 120 )4 2

1     cos(2 120 )2

b
ba a

q qd d
s

i

N

L L

L

P P P P

 (2.25) 

, , , ,ca acab bc cbL L L L L

1 2

1 2

1 cos22
1 cos(2 120 )2

ab ba

bc cb

ca ac

L L

L L

L L

L L

L L

 (2.26) 
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aa acab af

ba bb bc bf

ca cccb cf

fa fb fc ff

L L L L
L L L L

L
L L L L
L L L L

1 2 1 2

1 2 1 2

1 2 1 2

1 2

1 2

1cos2 cos(2 120 )2
1 cos(2 120 ) cos(2 120 )2[ ]
1 1cos(2 120 ) cos22 2

cos cos( 120 )

1 cos(2 120 ) cos2
1 cos2 cos( 120 )2

l

l

af af

af

af

l

L L L L L

L L L L L

L L L L

L L

L L L

L L L

L

L

1 2 cos(2 120 ) cos( 120 )
cos( 120 )

af

af f

L L L
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 (2.27) 

2
1

2
2

2

2

qd
s

qd
s

f
f

f

l

L N

L N

L i
L

P P

P P

(2.11) (2.12) (2.13)

T T
as cs as csbs f bs f

dv v v v v dt  (2.28) 
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T T
as cs as csbs f bs fi i i iL  (2.29) 

(Amplitude 

Invariant Transform

22
3

s
s as csbsi i ai a i  (2.30) 

(2.30) je

2

120 120

( 120 ) ( 120 )

2 ( )3
2  ( )3
2  ( )3

je
s as csbs

j j j
as csbs

j j j
as csbs

i i ai a i e

i e i e i e

i e i e i e

 (2.31) 

(2.31)

2[ (cos sin ) (cos( 120 ) sin( 120 ))3
              (cos( 120 ) sin( 120 ))]

e e
qs asds bs

cs

i ji i j i j

i j
 (2.32) 

(2.32)

2 ( cos cos( 120 ) cos( 120 ))3
e

as csds bsi i i i  (2.33) 

2 ( sin sin( 120 ) sin( 120 ))3
e
qs as csbsi i i i  (2.34) 
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1( )3os as csbsi i i i  (2.35) 

(2.33) (2.35)

cos cos( 120 ) cos( 120 )
2 sin sin( 120 ) sin( 120 )3

1/ 2 1/ 2 1/ 2

e
ds as
e
qs bs

os cs

i i
i i
i i

 (2.36) 

a b c

22 ( )3
s s s s
s as csbsa a  (2.37) 

(2.27) (2.29)

2 2 22 2
1 2 2

2 2
1 2
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s as csl bs af f
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 (2.38) 
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s
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*
1 2

3 3( )2 2
e e e
s s sl af fL L i L i L i (2.39)
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(2.39)

1 2
3 3( )( ) ( )2 2qsds

e e e e e e
qs qsds l ds af fj L L i ji L i ji L i

 (2.40) 

(2.40)

ds
e e
ds ds af fL i L i  (2.41) 

e e
qs qs qsL i  (2.42) 

1 2

1 2

3( ( )) 2
3( ( )) 2

ds l

qs l

L L L L

L L L L

e
os os os oslL i L i  (2.43) 

osL

    cos cos( 120 ) cos( 120 )
3 2    ( cos cos( 120 ) cos( 120 ))2 3

3
2

as csf af bf bs cf f f

as csaf af bs af f f

as csaf bs f f

e
af ds f f

i i i i
L i L i L i L i

L i i i L i

L i L i

L L L L

 (2.44) 

(2.11)

s s s
s s s s

dv R i dt  (2.45) 
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(2.45) je

e e e e
s s s s s

dv R i jdt (2.46)

(2.47)

e e e e
s qsds ds ds

dv R i dt  (2.47) 

e e e e
qs s qs qs ds

dv R i dt  (2.48) 

3
2 qs qsds dsP v i v i  (2.49) 

(2.41) (2.42) (2.47) (2.48) (2.49)

2 2 2 23 1+2 2s qs q qs e qs qsds d ds ds ds
d dP R i i L i L i i idt dt

 (2.50) 

(2.50)

e
m

pT 2e m
p

3 ( )2 2e qs qsds ds
pT i i  (2.51) 
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(2.41) (2.42) (2.51)

3 [ ( ) ]2 2 qs qsds
e e e

e qsaf f ds
pT L i i L L i i  (2.52) 

(2.41) (2.42) (2.46) (2.52)

(Interior Permanent Magnet 

Synchronous Motor, IPMSM) af f mfL i mf

e e e e
s e qsds ds ds

e e e e
qs s qs qs e ds

dv R i dt
dv R i dt

 (2.53) 

e e
ds d ds mf
e e
qs q qs

L i
L i

 (2.54) 

(2.54) (2.53)

e e e e
s e q qsds ds d ds

e e e e
qs s qs q qs e d ds mf

idv R i L L idt
dv R i L i L idt

 (2.55) 

3 [ ( ) ]2 2 qs qsds
e e e

e qsmf ds
pT i L L i i  (2.56) 

(Surface-mounted)

( qdP P ) 2 0L q sdL L L
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e e e e
s e qsds ds ds

e e e e
qs s qs qs e ds

dv R i dt
dv R i dt

 (2.57) 

e e
sds ds mf

e e
qs s qs

L i
L i

 (2.58) 

(2.58) (2.57)

e e e e
s s e s qsds ds ds

e e e e
qs s qs s qs e s ds mf

idv R i L L idt
dv R i L i L idt

 (2.59) 

(2.56)

3
2 2 qs

qs

e
e mf

e

pT i
Ki

 (2.60) 

K

(2.60)

(2.7) (2.8) (2.59)
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e e e e
s s s qsds ds ds

e e e e
qs s qs s qs s ds mf

dv R i L i vL idt
dv R i L i v L idt

 (2.61) 

2.12

sL

sR

e
qsv

e
qsi

e
s ds mfv L i

sL

sR

e
dsv

e
dsi

e
s qsvL i

2.12

P=2 (2.7) (2.8) (2.60)

2

3
2

e e
e qs qsmf l

load

load

F i K i

d x dxM B Fdt dt
dvM Bv Fdt

(2.62)

:
           :

:
:

M
B
x
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:

:

:
e

load

lK
F
F

(2.62) ( eF ) ( qsi )


